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We show that a fourth family of quarks with mt′ in the range of ( 400 - 600) GeV provides
a rather simple explanation for the several indications of new physics that have been observed
involving CP asymmetries of the b-quark. The built-in hierarchy of the 4×4 mixing matrix is such
that the t′ readily provides a needed perturbation (≈ 15%) to sin 2β as measured in B → ψKs and
simultaneously is the dominant source of CP asymmetry in Bs → ψφ. The correlation between
CP asymmetries in Bs → ψφ and Bd → φKs suggests mt′ ≈ (400 - 600) GeV. Such heavy masses
point to the tantalizing possibility that the 4th family plays an important role in the electroweak
symmetry breaking.
The spectacular performance of the two asymmetric B-factories allowed us to reach an important milestone in
our understanding of CP-violation phenomena. For the first time it was established that the observed CP-violation
in the B and K systems was indeed accountable by the single, CP-odd, Kobayashi-Maskawa phase in the CKM
matrix [1, 2]. In particular, the time dependent CP-asymmetry in the gold-plated B0 → ψKs can be accounted for
by the Standard Model (SM) CKM-paradigm to an accuracy of around 15% [3, 4]. It has then become clear that
the effects of a beyond the standard model (BSM) phase can only be a perturbation. Nevertheless, in the past few
years as more data were accumulated and also as the accuracy in some theoretical calculations was improved it has
become increasingly apparent that several of the experimental results are difficult to reconcile within the SM with
three generations [SM3] [5, 6]. It is clearly important to follow these indications and to try to identify the possible
origin of these discrepancies especially since they may provide experimental signals for the LHC which is set to start
quite soon. While at this stage many extensions of the SM could be responsible, in this paper, we will make the case
that an addition of a fourth family of quarks [7, 8, 9, 10, 11] provides a rather simple explanation for the pattern of
deviations that have been observed [12]. In fact we will show that the data suggests that the charge 2/3 quark of this
family needs to have a mass in the range of (400 - 600) GeV[13]
We now briefly mention the experimental observations involving B-CP asymmetries that are indicative of possible
difficulties for the CKM picture of CP-violation.
1. The predicted value of sin 2β in the SM seems to be about 2-3 σ larger than the directly measured values.
Using only ǫk and ∆Ms/∆Md from experiment along with the necessary hadronic matrix elements, namely
kaon “B-parameter” BK and using SU(3) breaking ratio ξs ≡ fbs
√
Bbs
fbd
√
Bbd
, from the lattice, alongwith Vcb yields a
prediction, sin 2βpredictionnoVub = 0.87± 0.09 [6] in the SM. If along with that VubVcb is also included as an input then
one gets a somewhat smaller central value but with also appreciably reduced error: sin 2βpredictionfullfit = 0.75±0.04.
2. The celebrated measurement, via the “gold-plated” mode B → ψKs, gives sin 2βψKs = 0.672± 0.024 which is
smaller than either of the above predictions by ≈ 1.7 to 2.1 σ [6].
3. As is well known penguin-dominated modes, such as B → (φ, η′, π0, ω,KsKs, ...)Ks also allow an experimental
determination of sin 2β in the SM [14, 15]. This method is less clean as it has some hadronic uncertainty, which
was naively estimated to be at the level of 5% [15, 16]. Unfortunately, this uncertainty cannot be reliably
determined in a model-independent manner. However, several different estimates [17] find that amongst these
modes, (φ, η′, KsKs)Ks are rather clean up to an error of only a few percent. In passing, we note also another
intriguing feature of many such penguin-dominated modes is that the central value of sin 2β that they give seems
to be below the two SM predicted values given above in #1 and in fact, in many cases, even below the value
measured via B → ψKS (given in #2).
4. Another apparent difficulty for the SM is understanding the rather large difference in the direct CP asymmetries
∆ACP ≡ ACP (B− → K−π0) − ACP (B¯0 → K−π+) = (14.4 ± 2.9)% [3]. Naively this difference is supposed
2BK = 0.72 ± 0.05
fbs
√
Bbs = 0.281 ± 0.021 GeV
∆Ms = (17.77 ± 0.12)ps−1
∆Md = (0.507 ± 0.005)ps−1
ξs = 1.2 ± 0.06
γ = (75.0 ± 22.0)◦
|ǫk| × 103 = 2.32± 0.007
sin 2βψKs = 0.672 ± 0.024
BR(K+ → π+νν) = (0.147+0.130
−0.089)× 10−9
BR(B → Xcℓν) = (10.61 ± 0.17) × 10−2
BR(B → Xsγ) = (3.55± 0.25) × 10−4
BR(B → Xsℓ+ℓ−) = (0.44 ± 0.12) × 10−6
( High q2 region )
Rbb = 0.216 ± 0.001
|Vub| = (37.2 ± 5.4) × 10−4
|Vcb| = (40.8 ± 0.6) × 10−3
ηc = 1.51± 0.24 [25]
ηt = 0.5765 ± 0.0065 [26]
ηct = 0.47± 0.04 [27]
mt = 172.5 GeV
TABLE I: Inputs used to constrain the SM4 parameter space; the error on Vub is increased to reflect the disagreement between
the inclusive and exclusive methods.
to be zero. Using QCD factorization [18] in conjunction with any of the four scenarios for 1/mb corrections
that have been proposed [19] we were able to estimate ∆ACP = (2.5 ± 1.5)% [5] which is several σ’s away
from the experimental observations. It is important to understand that by varying over those four scenarios
one is actually spanning the space of a large class of final state interactions; therefore the discrepancy with
experiment is serious [20]. However, given our limited understanding of hadronic decays makes it difficult to
draw compelling conclusions from this difficulty for the SM3.
5. Finally, more recently the possibility of the need for a largish non-standard CP-phase has been raised [21, 22]
in the study of Bs → ψφ at Fermilab by CDF [23] and D0 [24] experiments. Since the above items suggest the
presence of a beyond the SM CP odd phase in b → s transitions as (for example ) already emphasized in [5],
such non-standard effects in Bs decays are quite unavoidable.
In the following we show that SM with a fourth generation [SM4] is readily able to address these difficulties and in
particular the data seems to suggest the need for mt′ within the range (400 - 600) GeV.
SM4 is a simple extension of SM3 with additional up-type (t’) and down-type ( b’ ) quarks. It retains all the
features of the SM. The t’ quark like u, c, t quarks contributes in the b → s transition at the loop level [7]. The
addition of fourth generation means that the quark mixing matrix will become a 4×4 matrix and the parametrization
of this unitary matrix requires six real parameters and three phases. The two extra phases imply the possibility
of extra sources of CP violation [9]. In order to find out the limits on these extra parameters along with the other
observables we concentrate mainly on the constraints that will come from Bd−B¯d and Bs−B¯s mixing, BR(B → Xsγ),
BR(B → Xsℓ+ℓ−) [30], indirect CP violation in KL → ππ described by |ǫk| etc. Table I summarizes complete list
of inputs that we have used to constrain the SM4 parameter space. With these input parameters we have made the
scan over the entire parameter space by a flat random number generator and obtained the constraints on various
parameters of the 4×4 mixing matrix. In Table-II we present the one sigma allowed ranges of |V ∗t′sVt′b| and φ′s (the
phase of Vt′s), which follow from our analysis [28].
The SM3 expressions for ǫk and Z → bb¯ decay width have been taken from [31] and [32] respectively whereas the
relevant expressions for ∆Ms
∆Md
, along with the other observables can be found in [33]. The corresponding expressions
in SM4 i.e., the additional contributions arising due to t′ quark can be obtained by replacing the mass of t-quark by
mt′ in the respective Inami-Lim functions. For concreteness, we use the parametrization suggested in [34] for 4×4
CKM matrix [VCKM4]. In ∆Md and ∆Ms, apart from the other factors, we have the CKM elements VtqV
∗
tb which can
3be replaced by (with q=d or s),
VtqV
∗
tb = −(VuqV ∗ub + VcqV ∗cb + Vt′qV ∗t′b)
(1)
using the 4×4 CKM matrix unitarity relation, λu + λc + λt + λt′ = 0 where λq = VqbV ∗qs. The phase of Vtd and Vts
will also be obtained by using this unitarity relation. In this way we can reduce the number of unknown parameters
by using information from known parameters.
With a sequential fourth generation, the effective Hamiltonian describing the b→ s transitions becomes
Heff = GF√
2
[
λu(C
u
1O1 + C
u
2O2 +
10∑
i=3
Cui Oi)
+λc
10∑
i=3
CciOi − λt′
10∑
i=3
∆Ct
′
i Oi
]
, (2)
where Cqi ’s are the Wilson coefficients, ∆C
t′
i ’s are the effective (t subtracted) t
′ contributions and Oi are the current-
current operators. Using the above Hamiltonian, and following [5] we use the S4 scenario of QCD factorization
approach [19] for the evaluation of hadronic matrix elements and the amplitudes for the decay modes B → πK and
B → φKs for mt′ = 400 , 500 and 600 GeV respectively.
Using the ranges of λst′ ≡ |V ∗t′sVt′b| and φ′s, as obtained from the fit for different mt′ (Table II), we studied the
allowed regions in the ∆ACP − λst′ plane for different values of mt′ . With the 4th family we see that there is some
enhancement and ∆ACP up to about 8% may be feasible which is till somewhat small compared to the observed value
(14.4 ± 2.9)%. Again, as we mentioned this could be due to the inadequacy of the QCD factorization model we are
using.
mt′ 400 500 600
λst′ (0.08 - 1.4) (0.06 - 0.9) (0.05 - 0.7)
φ′s -80 → 80 - 80 → 80 -80 → 80
TABLE II: Allowed ranges for the parameters, λst′ (×10−2) and phase φ′s (in degree) for different masses mt′ ( GeV), that has
been obtained from the fitting with the inputs in Table I.
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FIG. 1: The left panel shows the allowed range for Sψφ in the (Sψφ−φst′) plane for mt′ = 400 (red), 500 (green) and 600 (blue)
GeV respectively. Black and red horizontal lines in the figure indicate 1-σ and 2-σ experimental ranges for Sψφ respectively.
The right panel shows the correlation between SφKs and Sψφ for mt′ = 400 (red), 500 (green) and 600 (blue) GeV respectively.
The horizontal lines represent the experimental 1σ range for SφKs whereas the vertical lines (Black 1-σ and red 2-σ ) represent
that for Sψφ .
In Fig.1 (left-panel) we have shown the allowed regions in the Sψφ − φst′ plane for different values of mt′ and in the
right-panel of Fig.1 we have shown the correlation between CP asymmetries in B → ψφ and B → φKs. We follow
4the notation Sψφ = sin(φ
∆
s − 2βs) = sin 2βeffs , where φ∆s is the phase coming from mixing and βs = arg(− V
∗
tb
Vts
V ∗
cb
Vcs
) =
1.1◦ ± 0.3◦, is the phase of b→ cc¯s decay amplitude [21, 35]. The range for new Bs mixing phase φ∆s is given (@68%
CL) by φ∆s ∈ (−18± 7)◦ or, φ∆s ∈ (−70± 7)◦. The corresponding 2-σ and 1-σ ranges for Sψφ is given by [-0.90,
-0.17] and [-0.78, -0.40] respectively. The large error on SφKs and Sψφ does not allow at present to draw strong
conclusions on mt′ , nevertheless the present experimental bounds disfavor mt′ > 600 GeV.
A very appealing feature of the 4th family hypothesis is that it rather naturally explains the pattern of the ob-
served anomalies. First of all the heavy mt′ generates a very important new source of electroweak penguin (EWP)
contribution since, as is well known, these amplitudes are able to avoid the decoupling theorem and grow as m2t′
[7, 36]. This helps to explain two of the anomalies in b → s transitions. The enhanced EWP contribution helps in
explaining the difference in CP-asymmetries, ∆ACP as it is really the K
±π0 that is enhanced because of the color
allowed coupling of the Z to the π0. A second important consequence of t′ is that b→ s penguin has a new CP-odd
phase carried by Vt′bV
∗
t′s. This is responsible for the fact that sin 2β measured in B → ψKs differs with that measured
in penguin-dominated modes such as B → (φ, η′,KsKs)Ks.
Note also that ∆B = 2 box graph gets important new contributions from the t′ since these amplitudes as mentioned
before are proportional tom2t′ . Furthermore, they are accompanied by new CP-odd phase which is not present in SM3.
This phase is responsible for the fact that the sin 2β measured in B → ψKs is lower than the value(s) “predicted” in
SM3 [6] given in item # 1 on page 1.
Finally, we note briefly in passing how SM4 gives a very simple explanation for the size of the new CP-phase effects
in Bd versus Bs mesons. In Bd oscillations resulting in B → ψKs, top quark plays the dominant role and we see that
the measured value of sin 2β deviates by ≈ 15% from predictions of SM3. It is then the usual hierarchical structure
of the mixing matrix (now in SM4) that guarantees that on sin 2β, t′ will only have a subdominant effect. However,
when we consider Bs oscillations then the role of t
′ and t get reversed. In Bs mixing the top quark in SM3 has
negligible CP-odd phase. Therein then the t′ has a pronounced effect. SM4 readily explains that just as t is dominant
in sin 2β and subdominant in sin 2βs, the t
′ is dominant in sin 2βs and subdominant in sin 2β.
We now briefly summarize some of the definitive signatures of the 4th family scenario in flavor observables [29].
The need for new CP phase(s) beyond the single KM phase[2] of course must continue to persist. This means that
the three values of sin 2β, the fitted one, the one measured via ψKs and the one measured via penguin dominated
modes (e.g. φKs, η
′Ks etc.) should continue to differ from each other as more accurate analyses become available.
Furthermore, Bs mixing should also continue to show the presence of a non-standard phase (e.g. in Bs− > ψφ) as
higher statistics are accumulated. For sure SM4 will have many more interesting applications in flavor physics which
need to be explored. For the LHC, one definitive pediction of this analysis is a t′ with mt′ in the range of ≈ 400-600
GeV and the detection of the t′, b′ and their leptonic counterparts deserves attention. EW precision constrains the
mass-splitting between t′ and b′ to be small, around 50 GeV [37, 38].
As far as the lepton sector is concerned, it is clear that the 4th family leptons have to be quite different from the
previous three families in that the neutral leptons have to be rather massive, with masses > mZ/2. This may also be a
clue that the underlying nature of the 4th family may be quite different from the previous three families; for one thing
it could be relevant to the dark matter issue[39]. It may also open up the possibility of unification with the SM gauge
group [40]. KM [2] mechanism taught us the crucial role of the three families in endowing CP violation in SM3. It is
conceivable that 4th family plays an important role [41, 42, 43, 44] in yielding enough CP to generate baryogenesis
which is difficult in SM3. Of course it also seems highly plausible that the heavy masses in the 4th family play a
significant role in dynamical generation of electroweak symmetry breaking. In particular, the masses around 500 or
600 GeV that are being invoked in our study, point to a tantalizing possibility of dynamical electroweak symmetry
breaking as the Pagels-Stokar relation in fact requires quarks of masses around 500 or 600 GeV for dynamical mass
generation to take place [45, 46, 47, 48]. Note also that for such heavy masses the values of Yukawa coupling will
be large so that corrections to perturbation theory may not be negligible [49]. Finally, we want to emphasize that a
fourth family of quarks does not violate electro-weak precision tests [50]. Clearly all this brief discussion is signaling
is that there is a lot of physics involving the new family that needs to be explored and understood.
We thank Graham Kribs, Ulrich Nierste and Marc Sher for discussions. The work of AS is supported in part by
the US DOE contract No. DE-AC02-98CH10886. This research grew as a part of a working group on flavor physics
at the Xth Workshop of High Energy Physics Phenomenology (WHEPP X), Chennai, India (Jan 08). AS is grateful
to organizers especially to Rahul Basu and Anirban Kundu for the invitation. The work of RM is supported by DST
and AG by CSIR, Government of India. SN’s work is supported in part by MIUR under contact 2004021808-009 and
by a European Community’s contract MRTN-CT-2006-035505.
5[1] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).
[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
[3] See http://www.slac.stanford.edu/xorg/hfag/
[4] T. E. Browder et al, arXiv:0802.3201 .
[5] E. Lunghi and A. Soni, J. High Energy Physics 0709, 053 (2007).
[6] E. Lunghi and A. Soni, arXiv:0803.4340 .
[7] The importance of rare B-decays for searching for the 4th family was emphasized long ago in W. -S. Hou, R. Willey and
A.Soni, Phys. Rev. Lett. 58, 1608 (1987); see also [8, 9, 10].
[8] W. -S. Hou, A. Soni and H. Steger, Phys. Rev. Lett. 59, 1521 (1987).
[9] W. -S. Hou, A. Soni and H. Steger, Phys. Lett. B192, 441 (1987).
[10] C. Hamzaoui, A. I. Sanda and A. Soni, Phys. Rev. Lett. 63, 128 (1989).
[11] For a general review on the 4th family see, P. H. Frampton, P. Q. Hung and M. Sher, Phys. Rept. 330,363,(2000).
[12] Possible role of the fourth family in B-decays has also been emphasized in, W. -S. Hou et al., J. High Energy Physics
0609, 012 (2006); W. -S. Hou et al., Phys. Rev. Lett. 95, 141601 (2005); W. -S. Hou et al., Phys. Rev. Lett. 98, 131801
(2007); Phys. Rev. D 76, 016004 (2007). We extend and complement these works and provide specific constraints on the
relevant parameters especilly on mt′ .
[13] We want to briefly mention that in an earlier version of this manuscript we had made an error in our analysis and also we
are now using somewhat different input to constrain the four generation SM compared to what we had done before. The
result is that the data no longer seems to require masses greater than 600 GeV.
[14] Y. Grossman and M. Worah, Phys. Lett. B395, 241 (1997) [hep-ph/9612269].
[15] D. London and A. Soni, Phys. Lett. B407, 61 (1997) [hep-ph/9704277].
[16] Y. Grossman, G. Isidori and M. Worah, Phys. Rev. D 58, 057504 (1998) [arxiv:hep-ph/9708305].
[17] et al., M. Beneke, Phys. Lett. B620, 143 (2005); H. -Y. Cheng, C. -K. Chua and A. Soni, Phys. Rev. D 72, 014006 (2005).
Phys. Rev. D 72, 094003 (2005); G. Buchalla, G. Hiller, Y. Nir and G. Raz, J. High Energy Physics 0509, 074 (2005); A.
Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006).
[18] M. Beneke, G. Buchalla, M. Neubert and C. Sachrajda, Nucl. Phys. B606, 245 (2001); [hep-ph/0104110].
[19] M. Beneke and M. Neubert, Nucl. Phys. B675, 333 (2003).
[20] See also, R. Fleischer, S. Jager, D. Pirjol and J. Zupan, arXiv:0806.2900 [hep-ph].
[21] A. Lenz and U. Nierste, J. High Energy Physics 0706, 072 (2007).
[22] M. Bona et al. [UTFit collaboration], arXiv:0803.0659.
[23] T. Aaltonen et al. [CDF Collaboration], arXiv:0712.2397.
[24] V. M. Abazov et al. [D0 Collaboration], arXiv:0802.2255.
[25] S. Herrlich and U. Nierste, Nucl. Phys. B419, 292 (1994).
[26] A. J. Buras, M. Jamin and P. H. Weisz, Nucl. Phys. B347, 491 (1990).
[27] S. Herrlich and U. Nierste, Phys. Rev. D 52, 6505 (1995).
[28] Recently coonstraints due to oblique corrections have also been included see, M. S. Chanowitz, arXiv:0904.3570 [hep-ph];
see also [29]. As noted by Chanowitz, although these constraints eliminate a portion of the parameter space, a large fraction
still remains valid.
[29] More details will be given in a forthcoming article.
[30] Since in the low q2 region the photon contribution to Bs → Xsℓ+ℓ− is likely to be dominant and since it is the Z that is
very sensitive to mt′ , as the Z-exchange amplitude grows as m
2
t′ (see [7]), we are only using the Br in the high q
2 region
to constrain SM4. However, we checked that use of low q2 region does not change things much.
[31] A. J. Buras, D. Guadagnoli, arXiv:0805.3887.
[32] J. Bernabeu, A. Pich and A. Santamaria, Nucl. Phys. B363, 326 (1991).
[33] G. Buchalla and A. J. Buras, Nucl. Phys. B548, 309 (1999); A. J. Buras and R. Fleischer, Adv. Ser. Direct. High Energy
Phys. 15, 65 (1998); A. J. Buras, hep-ph/9806471.
[34] F. J. Botella and L. L. Chau, Phys. Lett. B168, 97 (1986).
[35] M. Beneke et al., Phys. Lett. B 576 (2003) 173. M. Ciuchini et al., J. High Energy Physics 0308, 031 (2003).
[36] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981); ibid 65, 1772E (1981); see also, G. Buchalla et al., Rev. Mod.
Phys. 68: 1125, 1996.
[37] Particle Data Group ( D. E. Groom et al), Eur. Phys. J. C 15, 1 (2000); M. Maltoni et al., Phys. Lett. B476, 107 (2000).
[38] V. A. Novikov, L. B. Okun, A. N. Rozanov and M. I. Vysotsky, Phys. Lett. B529, 111 (2002)[arxiv: hep-ph/0111028].
[39] See, e.g. G. E. Volovik, Pisma Zh. Eksp. Teor. Fiz. 78, 1203 (2003) [JETP Lett. 78, 691 (2003)].
[40] P. Q. Hung, Phys. Rev. Lett. 80, 3000 (1998).
[41] W. S. Hou, arXiv:0803.1234. For earlier related works see, [42, 43]
[42] C. Jarlskog and R. Stora, Phys. Lett. B208, 288 (1988).
[43] F. del Aguila and J. A. Aguilar-Saavedra, Phys. Lett. B386, 241 (1996); F. del Aguila and J. A. Aguilar-Saavedra and G.
C. Branco,Nucl. Phys. B510,39,1998.
[44] See also, R. Fok and G. D. Kribs, arXiv:0803.4207 .
[45] H. Pagels and S. Stokar, Phys. Rev. D 20, 2947 (1979).
[46] H. -J. He, C. T. Hill and T. M. P. Tait, Phys. Rev. D 65, 055006 (2002) [arxiv:hep-ph/0108041].
6[47] B. Holdom, J. High Energy Physics 0608, 076 (2006).
[48] G. Burdman and L. D. Rold, J. High Energy Physics 0712, 086 (2007).
[49] For unitarity issues see: M. S. Chanowitz, Phys. Lett. B352, 376 (1995) and M. S. Chanowitz et al., Phys. Lett. B78, 285
(1982).
[50] G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, Phys. Rev. D 76, 075016 (2007).
